Abstract: Staphylococcus simulans biovar staphylolyticus secreted two bacteriolytic peptidoglycan hydrolases as proproteins that were activated as they were processed by an extracellular sulphydryl protease. This processing resulted in the production of multiple molecular-mass forms of each enzyme. Cells from early exponential phase cultures were susceptible to lysis by the mature forms of each of the peptidoglycan hydrolases whereas stationary phase cells were resistant. Thus secretion of these bacteriolytic enzymes during early exponential growth as precursors that are activated later by the protease would provide time for the cells to become resistant.
Introduction
Staphylococcus sirnulans biovar staphylolyticus [1] produces two extracellular peptidoglycan hydrolases. One is a staphylolytic glycylglycine endopeptidase, lysostaphin, that hydrolyzes the polyglycine cross bridges in the peptidoglycans of other staphylococci [2] [3] [4] . The second is a micrococcolytic endo-/3-N-acetylglucosaminidase (hexosaminidase) that hydrolyzes the bond between N-acetylglucosamine and N-acetylmuramic acid [3, 4] . Endopeptidase, hexosaminidase and extra- cellular sulphydryl protease activities are produced coordinately under a variety of conditions [5] [6] [7] [8] [9] [10] . However, the corresponding genes are not in the same unit of transcription because the endopeptidase gene resides on a plasmid whereas the genes for hexosaminidase and protease are on the chromosome [11] [12] [13] .
S. simulans biovar staphylolyticus secretes pro-endopeptidase (M r 59 K), which is proteolytically processed to endopeptidase (M r 26 K) [5, 14, 15] . In our studies of extracellular protein production by this organism, we have detected only one proteolytic activity, which is due to sulphydryl protease [7] [8] [9] [10] 13] . Zhou et al. [16] purified this enzyme and showed that it converted purified proendopeptidase to endopeptidase.
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Here we report that hexosaminidase also is secreted as a larger precursor (prohexosaminidase) and that both pro-endopeptidase and prohexosaminidase are activated during processing by the sulphydryl protease. This processing occurs extracellularly and results in the formation of multiple molecular-mass forms of each enzyme.
Materials and Methods
Bacterial growth and enzyme assays S. simulans biovar staphylolyticus was grown in modified lysostaphin production medium [7] , and endopeptidase, hexosaminidase and protease activities were determined by standard tube assays as described previously [8, 17] .
Electrophoresis
Analytical polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE) was performed by a modification of the procedure of Laemmli [18] . Stacking gels (pH 6.8) were made to a final concentration of 4% (w/v) acrylamide and 0.36% (w/v) N,N'-methylenebisacrylamide. Resolving gels (pH 8.8) were made to a final concentration of either 8% acrylamide and 0.32% N,N'-methylene-bisacrylamide (for hexosaminidase) or 15% acrylamide and 0.6% N,N'-methylene-bisacrylamide (for endopeptidase). For activity gels, heat-killed (80°C, 10 min) cells (10 mg [wet weight]/ml) of either Staphylococcus aureus FDA 209P (ATCC 6538) or Micrococcus luteus (ATCC 4698) were incorporated into the gels as substrates for endopeptidase or hexosaminidase, respectively [8, 17, 19] . Electrophoresis was performed at 25°C and 200 V in Bio-Rad Protean or mini-Protean vertical cell units. Prestained protein standards were obtained from Sigma and from Diversified Biotech.
Bacteriolytic enzymes were renatured by soaking the gels in 250 ml deionized water for 3 h at room temperature on a shaking platform followed by incubation for 24 to 48 h at 37°C in 0.05 M Tris. HC1 (pH 7.5 at 25°C) containing 0.09 M NaCI for detection of staphylolytic activity or in 0.05 M Tris. HCI (pH 7.2 at 25°C) for detection of micrococcolytic activity. After incubation, unlysed cells in the gels were stained with 0.1% methylene blue for 10 min and then destained with distilled water. Specificity was confirmed by the fact that purified endopeptidase gave no lytic band in gels containing M. luteus cells and purified hexosaminidase gave no lytic band in gels containing S. aureus cells.
Western blot analysis
Supernatants from cultures of S. simulans biovar staphylolyticus were concentrated 20-fold using Amicon Centriprep 10 filters. Samples were electrophoresed as described above and transblotted to nitrocellulose as previously described [5] . Blotted membranes were exposed to either endopeptidase-specific monoclonal antibody ALS8.1 [5] or rabbit antisera prepared against purified hexosaminidase [20] . Appropriate peroxidase-labeled second antibody was used, and the blots were developed in a solution consisting of 20 mg of 3-amino-9-ethyl-carbazide dissolved in 5 ml of dimethyl formamide, 95 ml of 0.05 M sodium acetate (pH 5.0) and 100/~1 of 30% (v/v) hydrogen peroxide.
Proteolytic processing in cell-free supernatants
Cell-free supernatants from early exponential phase cultures of S. simulans biovar staphylolyticus were prepared by filtration through sterile Nalgene filters (0.2 /zm pore size) and incubated at 37°C with shaking without additions or in the presence of either 3 mM p-hydroxymercuribenzoate (PHMB) or 10 mM dithiothreitol (DTT). Samples were taken at various times and assayed for endopeptidase and hexosaminidase activities and analyzed by SDS-PAGE.
Susceptibility to peptidoglycan hydrolases
Cells from early exponential and stationary phase cultures of S. simulans biovar staphylolyticus were tested for susceptibility to endopeptidase and hexosaminidase by a modification of standard tube assays for these enzymes [8, 17] . The cells were harvested by centrifugation, washed once, and suspended in the appropriate assay buffer to an optical density of 0.250 at 620 nm. Either endopeptidase or hexosaminidase was added to give a final concentration of 0.33 207 units/ml, and the reaction mixtures were incubated at 37°C. Cell lysis was monitored by recording the decrease in optical density at 10-min intervals for duplicate samples. All results were corrected for changes in controls that contained cells but not enzyme.
Results

Time course of production of endopeptidase and hexosaminidase
Western blot analysis previously revealed both pro-endopeptidase and endopeptidase in supernatants of mid-exponential phase (8 h) aerobic cultures of S. simulans biovar staphylolyticus [5] . By the early stationary phase (20 h) of growth, only the mature form of the enzyme was detected by this method. To analyze the production and processing of pro-endopeptidase and to determine whether hexosaminidase also is produced as a proprotein, samples from an aerobically growing culture were removed at various times and the supernatants were analyzed for different molecular-mass species that lysed the appropriate indicator ceils. Early exponential phase culture supernatants had a single band of staphylolytic activity at 59.0 kDa, which corresponds to pro-endopeptidase (Fig. 1A) . As the culture aged, a band of staphylolytic activity that corresponds to endopeptidase (26.0 kDa) appeared, as did a number of bands between pro-endopeptidase and endopeptidase. Early exponential phase culture supernatants had a major band of micrococcolytic activity at 150 kDa (Fig. 1B) . As the culture aged, bands of micrococcolytic activity appeared at lower positions in the gel, including one that corresponds to hexosaminidase at 38.5 kDa [5] . Stationary phase culture supernatants lacked the higher molecular-mass micrococcolytic species.
Western blot analysis of late exponential phase cultures with endopeptidase-specific monoclonal antibody ( Fig. 2A) revealed the presence of major bands at 59.0 and 26.0 kDa, corresponding to pro-endopeptidase and endopeptidase, respectively, and multiple species between these two bands. Antibody-reactive forms smaller than endopeptidase lacked staphylolytic activity. Simi-larly, analysis of late exponential phase cultures with hexosaminidase°specific antiserum revealed multiple species, the largest of which was 150 (Fig. 2B) . We conclude that this 150-kDa form is prohexosaminidase because it was the largest form detected. Antibody-reactive bands below 38.5 kDa (hexosaminidase) did not have corresponding micrococcolytic bands on the activity gel.
Extracellular proteolytic activation of pro-endopeptidase and prohexosaminidase
We previously reported that pro-endopeptidase can be activated by trypsin [5] . To determine whether pro-endopeptidase and prohexosaminidase are activated by the extracellular sulphydryl protease produced by S. simulans biovar staphylolyticus we incubated cell-free supernatants from the youngest cultures that contained detectable amounts of endopeptidase and hexosaminidase activities (4 h) without additions or in the presence of either a sulphydryl protease inhibitor (PHMB) or a sulphydryl protease activator (DTF) (Fig. 3) . Over a period of 7 h, endopeptidase and hexosaminidase activities in the untreated supernatant increased approximately 3-fold and 4-fold, respectively. Activation was completely inhibited by the addition of PHMB and was enhanced by the addition of DT-F. Activity gel analysis of these activation reactions showed that the amounts of pro-endopeptidase and prohexosaminidase decreased as smaller molecular-mass forms appeared and that this processing was blocked by PHMB and accelerated by DTT (data not shown). Neither PHMB nor DTr affected the activity of endopeptidase or hexosaminidase in standard tube assays.
Susceptibility to peptidoglycan hydrolases
S. simulans biovar staphylolyticus cells from early exponential phase cultures that had no de- tectable endopeptidase or hexosaminidase (3 h) and cells from the stationary phase of growth (24 h) were tested for susceptibility to lysis by endopeptidase and hexosaminidase (Fig. 4) . Cells from the stationary phase were resistant whereas cells from the early exponential phase were susceptible to lysis by each of the enzymes.
Discussion
This is the first report of multiple forms of both of the bacteriolytic enzymes produced by S.
simulans biovar staphylolyticus. Others using activity gels have reported multiple bands of lytic activities produced by Gram-positive organisms but have presented no evidence regarding their origin [19, [23] [24] [25] [26] . Our results in Fig. 2 indicate that the multiple molecular-mass bands were due to different forms of the endopeptidase or hexosaminidase gene product. It has been suggested that comparing band patterns in bacteriolytic activity gels is taxonomically useful [25, 26] . However, the utility of this approach would be hindered by changes in the pattern of bands with the age of the culture as seen in this study (Fig. 1) .
Our results indicate that both pro-endopeptidase and prohexosaminidase are activated as they are processed by sulfhydryl protease. We conclude this because in the experiments using cellfree supernatants: (i) there was no source of additional material, but the staphylolytic and mi-crococcolytic activities increased; (ii) there was a decrease in pro-endopeptidase and prohexosaminidase and an increase in endopeptidase and hexosaminidase accompanying this activation; and (iii) PHMB blocked and DTT enhanced both processing and activation, and neither sulphydryl-specific reagent directly affected the activity of endopeptidase or hexosaminidase. It has been suggested that pro-endopeptidase may be autoprocessed [21] , but this is unlikely because proendopeptidase contains no cysteine residues [14, 15] and PHMB, which reacts specifically with free sulphydryl groups [22] , completely blocked processing.
The existence of precursors for both endopeptidase and hexosaminidase that are activated by the sulphydryl protease is sufficient to account for the coordinate production of the three enzyme activities [6] [7] [8] [9] . Supernatants from 3-h cultures do not contain detectable amounts of endopeptidase, hexosaminidase or protease although they did contain detectable amounts of pro-endopeptidase and prohexosaminidase (Fig.  1) . Since protease activates pro-endopeptidase and prohexosaminidase, staphylolytic and micrococcolytic activities only became detectable by the standard tube assays once protease was produced and activated the accumulating proproteins. This would result in the coordinate appearance of the three enzyme activities without requiring coordinate production of the three gene products.
The gene(s) specifying resistance to endopeptidase reside on plasmid pACK1 [11] . This resistance apparently is due to some change in a non-peptidoglycan component in the cell wall because peptidoglycan isolated from resistant cells is readily hydrolyzed by the enzyme [27] . Although the basis for resistance to hexosaminidase is unknown, it is not the same as that for endopeptidase because cells cured of pACK1 are able to produce hexosaminidase yet grow normally [13] . Nevertheless, cells from the early exponential phase of growth are susceptible to lysis by endopeptidase or hexosaminidase and produce pro-endopeptidase and prohexosaminidase; therefore, there must be a mechanism to allow time for the cells to develop resistance before harmful concentrations of endopeptidase and hexosaminidase accumulate. Extracellular activation of pro-endopeptidase and prohexosaminidase by the sulphydryl protease, most of which occurs later in the growth of the culture, would provide this time.
